C ardiovascular disease is still the leading cause of death in the United States, despite progress in reducing mortality over the recent years. Coronary artery disease accounts for more than half of all these cardiovascular deaths and often leads to progressive heart failure caused by recurrent myocardial ischemia and/or infarction. 1 Pursuit of effective therapies to treat and prevent coronary artery disease will be aided by a more complete understanding of the molecular pathways that regulate coronary development. It is clear that the coronary vasculature develops in a unique manner from other vascular beds in the developing embryo and that this process is critically dependent on interactions between the myocardium and epicardium.
Significant progress has been achieved over the last decade in elucidating the morphological events in the formation of the coronary arteries and this has been the subject of some excellent recent reviews. [2] [3] [4] [5] [6] Cells destined to form the coronary vasculature are thought to originate in the proepicardium, a structure located dorsal to the developing heart tube just caudal to the future atrioventricular junction. 7, 8 These cells migrate and attach to the looped heart tube at the dorsal aspect of the atrioventricular junction beginning around embryonic day (E)9.0 in the mouse (see Figure 1 ). 9 Subsequently, these cells form the epicardium, an epithelial sheath that completely envelops the heart by E11.0. Once the epicardial cell layer is formed, a subset of cells of the epicardium undergoes a transformation to become mesenchyme and migrate into the space beneath the epicardium (the subepicardium), whereas some cells migrate further into the myocardium. Cells of the subepicardial mesenchyme are thought to give rise to cardiac fibroblasts, coronary vascular smooth muscle, and coronary endothelial cells. 7, 8, 10, 11 Using genetic lineage tracing, 2 groups have recently reported cells of the epicardium may also give rise to cardiomyocytes. 12, 13 The differentiation of the subepicardial mesenchyme into each of these lineages may be influenced by factors produced by the myocardium and epicardium.
Coronary endothelial cells are likely derived, at least in part, from precursors present in the subepicardial mesenchyme. It is still somewhat unclear if coronary endothelial cell progenitors are hemangioblasts, progenitors capable of giving rise to cells of the hematopoietic, as well as vascular lineages, or are restricted solely to the vascular lineage (ie, angioblasts). Hemangioblasts that contribute to the systemic circulation are found in the developing yolk sac, aorta, and embryonic liver. 14 The evidence to support the existence of subepicardial hemangioblasts is based on three observations. First, we and others have noted the presence of hematopoietic cells in the lumen of the developing coronary vascular plexus at a time before the connection of this plexus to the aortic circulation. 15, 16 Shown in Figure 2 is a histological section of an E12.5 mouse heart in which multiple subepicardial endothelial lumens are filled with erythrocytes. Because the coronary vascular plexus is not connected to the systemic circulation at this time in development, for these hematopoietic cells to be present within the lumens of the plexus, they are likely to have been derived from a progenitor that also gave rise to the vascular endothelium. Second, lineagetracing experiments demonstrated a proepicardial origin of the erythrocytes found in the early subepicardial vascular plexus. 15 Third, Lavine et al demonstrated the existence of subepicardial cells that express SCL (stem cell leukemia), CD45, and Sca-1 (stem cell antigen-1), all markers of the hemangioblast in other tissues. 16 Taken together, these observations suggest the existence of a subepicardial hemangioblast, but further work is necessary to support this idea.
Once vascular progenitor cells are present in the subepicardium, they undergo vasculogenesis as the next step in coronary vascular development. Vasculogenesis is the process whereby vascular endothelial cell progenitors form a de novo vascular network. The subepicardial endothelial cells coalesce to form interconnected vascular tubes in the subepicardial space beginning at approximately E11.5. Plexus formation begins at the atrioventricular junction on the inferior surface of the heart and spreads toward the apex to nearly completely cover the right and left ventricles by E13.5. At this time in development, before connecting to the systemic circulation, the plexus remodels by the sprouting of new vessels from existing ones, a process termed angiogenesis. During this remodeling phase, smooth muscle cells and pericytes are recruited to form more mature coronary vessels. The coronary arteries then connect to the base of the aorta through the right and left coronary ostia to establish the coronary circulation by approximately E14.5. 17 The vessels continue to remodel over the next 1 to 2 days and produce the mature coronary vascular bed. As can be appreciated from the above description, the development of the coronary vasculature is a complex process, with multiple cell types interacting in a temporally specific fashion to generate the mature coronary tree. Given this complexity, it is not surprising that present work in the field is uncovering a robust and extensive signaling network between cell types within the developing heart. This review focuses on some of the pathways that illustrate the importance of 'cross-talk' between the myocardium and epicardium in directing coronary vascular development.
Epicardial-Derived Signals Directing Coronary Development
The signals that influence coronary development can be classified into those originating from the epicardium or epicardial-derived cells and those from cardiomyocytes.
Many of these signals are growth factors that act in an autocrine or paracrine fashion, some of which have been described to be important in directing vasculogenesis within other vascular beds (see Table 1 ). The purpose of these signals is likely to coordinate the development of the epicardium and coronary vasculature with that of the underlying myocardium. In this section, we review those signals originating from the epicardium.
Adhesion Molecules in Epicardial/Myocardial Signaling
As described above, the first event in coronary development is the establishment of an intact epicardium. The failure to establish the epicardium blocks coronary vascular development, as has been demonstrated in the chick by the physical inhibition of proepicardial migration to the developing heart. 18 Close apposition of myocardium and epicardium is essential for communication between these tissues, because each is dependent on signaling cues from the other during development. Accordingly, molecules that mediate myocardial/epicardial cell attachment have been demonstrated to be an essential first step for coronary vessel development. One such molecule, ␣4 integrin, is a cell surface protein that is involved in cell-cell and cell-matrix adhesion. Homozygous integrin ␣4 mutant embryos fail to survive beyond E15.5 (see Table 2 ). One of the defects observed in these mutants is the absence of a ventricular epicardial sheath. Consequently these animals fail to generate subepicardial mesenchyme or a coronary plexus. 19 Mice harboring mutations in the gene encoding a binding partner of ␣4 integrin, vascular cell adhesion molecule (VCAM)-1, display a phenotype remarkably similar to that of ␣4 integrin nulls. 20 VCAM-1 is expressed in cardiomyocytes at E11.5. As reported in ␣4 integrinnull embryos, VCAM-1 mutant embryos succumb between E12.5 and E13.5, fail to maintain a ventricular epicardium and do not elaborate a coronary plexus. The similarity between the ␣4 integrin and VCAM-1-null mice, and their reciprocal expression patterns in affected tissues, support the hypothesis that these molecules are required for epicardial cells to remain attached to the myocardium and support myocardial and coronary vessel development.
Other mouse mutants have demonstrated a failure of epicardial cells to maintain attachment to the myocardium and the underlying subepicardial layer. The transcription factor WT-1 (Wilms tumor-1) is essential for proper epicardial formation and coronary vessel development. The epicardium begins to form in WT-1 mutant animals but does not extend beyond the caudal-most portion of the heart. 21 In WT-1 mutant hearts at E12.5, ␣4 integrin expression is reduced approximately 50%. 22 This reduced level of ␣4 integrin alone, however, does not explain the phenotype of the WT-1-null animal as ␣4 integrin heterozygous animals are viable. 19, 23 Likely the loss of other, as-yet unidentified downstream targets is critical in mediating the phenotype of the WT-1-null animal. 24 Similar separation between the epicardium and myocardium was also reported in mice with a complete knockout of the type III transforming growth factor ␤ receptor (Tgfbr3), 25 podoplanin, 26 epicardial-specific knockout of activin receptor-like kinase (ALK)5, 27 and epicardial-specific knockout of the retinoic acid receptor RXR␣ (retinoid X receptor ␣). 28 Whether the gap between the cell layers in these animals is attributable to misexpression of adhesion molecules, or secondary to the cardiac insufficiency seen in these animals, remains to be determined. As the cells of the proepicardium migrate onto the heart and form the epicardium, the epicardium assumes a role as a "signaling center" for the developing heart. This center coordinates the growth of the myocardium with the development of the coronary vasculature. As a first step, the epicardium begins to express signaling molecules, including retinoic acid, erythropoietin, and fibroblast growth factors, which are important in inducing proliferation of the underlying myocardium either directly or indirectly. Consistent with this notion, a gradient of myocyte proliferation from epicardium to endocardium has been observed, with highest rates of proliferation occurring closest to the epicardium. 29 Thus, epicardial formation and subsequent development of the coronary vasculature are coupled to the proliferation of the myocardium.
Retinoic Acid
Retinoid signaling, within a discrete range of activity, is critical for normal embryogenesis and cardiac function. Quail embryos deprived of vitamin A develop thin-walled hearts that fail to undergo looping. 30 -32 Studies in mouse also demonstrate a requirement for retinoid signaling in the mammalian embryo. Targeted disruption of Raldh2 (retinaldehyde dehydrogenase 2), a gene critical for retinoid metabolism and signaling, results in early embryonic death caused by cardiac insufficiency. 33 The heart tube forms in Raldh2-deficient embryos, but is thin-walled, dilated, and fails to loop properly. In contrast, exposing embryos to high levels of retinoic acid through dietary vitamin A supplementation of pregnant dams also results in embryonic cardiovascular defects (reviewed by Pan and Baker 34 ), making it clear that levels of retinoic acid must be tightly controlled during embryogenesis.
Studying signaling between different cardiac cell populations in a slice-culture system, Stuckmann et al found that an epicardial-derived soluble factor was required for cardiac myocyte proliferation. 35 Blocking retinoic acid signaling in slice cultures that included both myocardium and epicardium inhibited cardiac myocyte proliferation. Myocyte proliferation was similarly affected by removing the epicardium from slices before placing them into culture. Addition of exogenous retinoic acid to epicardial-denuded slices failed to rescue myocyte proliferation. However, conditioned medium from cultured epicardial cells treated with retinoic acid restored myocyte proliferation in denuded slice cultures. Thus, although the target of retinoic acid signaling in the heart is the epicardium, it functions to support myocardial proliferation through directing the production of a soluble proliferation factor from epicardial cells.
Retinoic acid signals are transduced by 2 families of nuclear hormone receptors, the retinoic acid receptors and RXRs. Targeted deletion of RXR␣ in mice results in myocardial hypoplasia and, eventually, death of the embryo from cardiac insufficiency. These findings are consistent with the phenotypes observed in vitamin A-deficient quail embryos, 36 although the ability of RXR to heterodimerize with other nuclear hormone receptors (including the vitamin D receptor, thyroid hormone receptor and peroxisome proliferation activator receptor) complicates the interpretation of these results.
Using tissue-specific promoters to remove RXR␣ from discrete populations of cells within the heart has clarified somewhat the role of this gene during heart development and coronary vessel formation. Conditional deletion of RXR␣ in ventricular myocytes reveals that myocyte proliferation and ventricular chamber maturation do not require cellautonomous RXR␣ activity. 37 Conditional deletion of RXR␣ in epicardial-derived cells using Gata5-Cre has an incompletely penetrant embryonic lethal phenotype. The hearts in these mice have a detached epicardium and thin subepicardial mesenchymal layer, thought to be secondary to decreased fibroblast growth factor (FGF)-2 production by the epicardium. 28 The coronary arteries were also abnormal, with reduced branching patterns suggestive of a defect in coronary angiogenesis. Notably, the ventricular cells in these animals abnormally maintain expression of amhc2 (atrial myosin heavy chain 2), a gene downregulated in ventricular myocytes as cardiogenesis proceeds. This observation allows the possibility that epicardial cells not only support myocardial proliferation, but instruct myocardial differentiation as well. Together, these data produce a model where retinoid signaling through RXR␣ is required to support cardiac development by acting on the epicardium, not by directly signaling to cardiac myocytes.
Erythropoietin
Targeted deletion of the gene encoding the cytokine erythropoietin or its receptor (EpoR) produces a thin-walled myocardial phenotype similar to the phenotype observed with mutations in the retinoic acid metabolism pathway. 38 EpoR is expressed in the epicardium, endocardium, and endocardial cushions of the developing heart between E10.5 and E13.5, but not in cardiomyocytes. Mouse embryos deficient in erythropoietin or the EpoR die in mid-gestation of anemia and heart defects. The cardiac defects observed include a thin walled ventricle and a partially detached epicardium. In addition, the coronary vascular plexus does not form appropriately, because only nodules of platelet/endothelial cell adhesion molecule (PECAM)-positive cells were observed in the subepicardium of EpoR-deficient mice. 38 This defect could be secondary to a role for erythropoietin in regulating coronary vasculogenesis, although in other vascular beds, erythropoietin seems to be required for angiogenesis rather than vasculogenesis. 39 As was observed with retinoic acid, erythropoietin stimulates myocardial proliferation only when myocytes are cocultured with epicardial cells or are given conditioned medium from epicardial cells treated with erythropoietin. 35 These results suggest that erythropoietin acts within the epicardium to induce proliferation of cardiomyocytes indirectly. Interestingly, blocking erythropoietin signaling using an anti-EpoR antibody in the myocardial slice system resulted in decreased cardiomyocyte proliferation that could be rescued by the addition of retinoic acid. Furthermore, blocking retinoic acid signaling in this system reduced cardiomyocyte proliferation and this could be rescued by the addition of erythropoietin. Together, these results suggest that retinoic acid and erythropoietin act on the epicardium in interdependent, parallel pathways to produce signals that induce proliferation of the underlying myocardium.
Wnt Signaling
The Wnt/wingless signaling pathway is critical for heart development in organisms from flies to mice. 40 -42 Wnts that signal through the canonical pathway stabilize ␤-catenin protein, whereas signaling via the ␤-catenin-independent noncanonical pathway involves small GTPases and protein kinase C␦. 43 Some evidence suggests that the pathway through which Wnt ligands signal is based on the complement of ligands and receptors expressed by inductive and responsive tissues. 43, 44 A number of Wnts and their receptors are expressed in the heart during cardiac development. 45 Epicardial-restricted deletion of the ␤-catenin gene in mice results in embryonic death between E15.5 and birth. 46 These mice present with a thin compact zone myocardium attributable to decreased myocyte proliferation. The subepicardial mesenchymal layer is also thin, suggesting diminished epicardial epithelial-mesenchymal transformation (EMT). Although a primitive capillary plexus forms in the subepicardial space and the coronary venous system remodels appropriately, the coronary arterial vessels fail to form in the hearts from mice with epicardial-deleted ␤-catenin. These vessels failed to recruit smooth muscle cells, and explanted epicardial cells failed to express smooth muscle cell markers when treated with transforming growth factor (TGF)␤1. These results suggest a primary failure of ␤-catenin-null epicardial cells to differentiate into smooth muscle cells, as opposed to a failure of the vessels to recruit smooth muscle cells because of their small size. It is also possible that ␤-catenin functions in the epicardium to maintain cell-cell adhesion. In cultured rat epicardial cells, ␤-catenin and E-cadherin localization to adherens junctions is disrupted in cells treated with TGF␤3 (which is pharmacologically similar to TGF␤1), resulting in weakened intercellular adhesion. 47 Further study will be required to determine the extent to which ␤-catenin mediates essential adhesion events versus transcriptional events during epicardial formation and maintenance.
Epicardial Wnt expression may be downstream of the retinoic acid signaling pathway. 28 A screen for gene products dysregulated in RXR␣-null epicardial cells demonstrated that both FGF-2 and Wnt9b are significantly downregulated. Consistent with this observation, ␤-catenin protein levels are also reduced in RXR␣-null epicardial cells. In addition, FGF-2 can activate epicardial Wnt signaling through the induction of Wnt9b in the epicardium. Taken together, these data are consistent with a model in which epicardial retinoic acid signaling activates FGF-2 expression directly in the epicardium or indirectly in the myocardium, resulting in the induction of epicardial Wnt9b expression and epicardial or epicardial-derived cell ␤-catenin activation. Activated ␤-catenin in epicardial-derived cells then promotes the differentiation of these cells into the coronary smooth muscle lineage and subsequent contribution to the coronary arterial tree (see Figure 3) .
Transforming Growth Factor ␤
The TGF␤ family of signaling molecules may also be an important epicardial-derived signal regulating coronary vasculogenesis. Throughout the period of coronary vessel development, TGF␤ ligands are expressed in the epicardium or the compact zone of the myocardium in an incompletely overlapping pattern. 48, 49 TGF␤1 is expressed in a noncontiguous pattern throughout the epicardium at E12.5 in the mouse and later becomes focused in the outflow tract region. TGF␤2 is expressed in the proepicardium and epicardium from E9.5 through E10.5. However, its expression becomes diminished in the epicardium and by E12.5 is more highly expressed in the compact zone myocardium. TGF␤3 is not expressed until Shown is a schematic of the crosstalk between the epicardium (blue) and myocardium (red) during the early stages of coronary development. An FGF-Shh-VEGF/Ang2-dependent pathway is important for the generation of coronary endothelial progenitors (right), whereas ␤-catenin, PDGF, TGF␤, and thymosin ␤4 are important for the development of coronary vascular smooth muscle (left). E11.5, at which time its expression is noted in the epicardium (but not myocardium) and continues to be expressed until at least E15.5.
In vitro collagen gel invasion assays have provided evidence that TGF␤ ligands stimulate EMT of proepicardial and epicardial cells. 49 -51 However, mice lacking either TGF␤1 or TGF␤3 form intact hearts without obvious signs of morphological or physiological defects. 52, 53 TGF␤2 knockout mice have a pleiotropic cardiac phenotype that includes a highly penetrant ventricular septal defect, as well as a dual outlet right ventricle and dual inlet left ventricle, both of which are seen at much lower frequency. However, coronary vessel abnormalities have not been described in TGF␤2 knockout mice. This lack of a coronary phenotype in the individual TGF␤ knockout mice is somewhat surprising given the in vitro data and may be attributable to functional redundancy of these ligands in the developing epicardium. 54 Although targeted gene disruption of the TGF␤ ligands has not been fruitful in elucidating the role of TGF␤ signaling in coronary development, experiments disrupting the TGF␤ receptor genes and downstream signaling components that mediate TGF␤ signaling have provided clues into the role of TGF␤ signaling during coronary vascular formation. Tgfbr3 is an extensively glycosylated transmembrane protein with a large extracellular domain that seems to mediate nonredundant roles during embryogenesis. Tgfbr3 is expressed in both the epicardium and myocardium, and mice lacking Tgfbr3 die by E14.5. 25 The pattern of defects in Tgfbr3-null animals suggests unique requirements for this receptor in mediating epicardial EMT. The epicardium in Tgfbr3-null animals develops aberrantly, thinner and more widely separated from the myocardium than the epicardium in wild-type animals. Furthermore, an overabundance of mesenchymal cells is observed in the subepicardial space of Tgfbr3-null hearts, and coronary vessel formation is partially disrupted. Although vessels form in Tgfbr3-null animals, they are less numerous and smaller than in wild-type animals. Several regions that appear to be blood islands are observed on the surface of Tgfbr3-null hearts, but PECAM-positive cells were seen less frequently in the subepicardium and myocardium. These data suggest that Tgfbr3 may negatively regulate EMT, with its loss leading to excessive EMT from the epicardium but diminished invasion into the subepicardial and myocardial compartments. However, vascular development proceeds normally in vascular fields other than the coronary system, suggesting unique roles for Tgfbr3 and TGF␤ signaling during coronary vascular development.
In addition to the type III TGF␤ receptor, a type I TGF␤ receptor may also play a role in coronary development. Viral overexpression of the type I TGF␤ receptor ALK5 promotes loss of epithelial character in avian epicardial cells cultured on collagen gels. 50 Furthermore, cultured murine epicardial cells lacking ALK5 maintain an epithelial morphology when treated with TGF␤3, suggesting that ALK5 is necessary for epicardial EMT. 27 However, in mouse embryos with a deletion of the ALK5 TGF␤ receptor in the epicardium, epicardial EMT does not appear to be disrupted, although attachment of the epicardium to the myocardium is perturbed, perhaps because of the downregulation of N-cadherin. The coronary vessels do form in these animals, but they are smaller and blood-filled, failing to undergo proper remodeling during development. Markers of differentiated smooth muscle cells were less abundantly expressed in these vessels, consistent with a role for TGF␤ signaling in coronary smooth muscle cell recruitment or differentiation.
In addition to the TGF␤ receptors, downstream effectors of TGF␤ signaling, the Smads, have also been implicated in regulating coronary development. Mice lacking Smad6 (an inhibitory Smad that inhibits signaling via the bone morphogenetic protein-responsive Smads 1, 5, and 8) present with an incompletely penetrant phenotype of dilated coronary vessels that lack sufficient smooth muscle cell contribution. 55, 56 Given that ALK5 signals through the Smad2/Smad3 pathway, 57, 58 this resemblance to the ALK5 epicardial-null phenotype suggests that downregulation of bone morphogenetic protein signaling in the context of TGF␤ activation of ALK5 may be a necessary component of smooth muscle cell differentiation during coronary vessel remodeling.
Epicardial-Expressed FGFs
Another important class of signaling molecules produced by the epicardium is the FGFs. It is clear that FGFs constitute at least one component of the epicardial signal that induces myocyte proliferation. A number of FGF family members have been reported to be expressed in the epicardium including FGF-1, -2, -4, -9, -16, and -20. 59 -63 In mice, FGF-9, -16, and -20 are all expressed in the epicardium in overlapping but distinct patterns beginning at E10.5. 59 FGF-9 -deficient mice die at birth because of a mildly hypoplastic left ventricle secondary to decreased myocyte proliferation. 64 Furthermore, FGF-9 is induced by retinoic acid in cultures of primary epicardial cells, providing the link between retinoic acid signaling in the epicardium with myocardial proliferation.
Embryonic cardiomyocytes express 2 FGF receptors, FGFR1 and FGFR2c, and thus are competent to receive FGF signals. 59 Cardiomyocyte-specific ablation of both FGFR1 and FGFR2 results in embryos with a severely hypoproliferative myocardium, consistent with the notion that FGF signaling is required for cardiomyocyte proliferation. In addition, the loss of either FGF-9 in the embryo or FGFR1 and 2 specifically in the myocardium results in a delay in coronary vascular plexus formation. 64 These results suggest that the epicardium signals to the myocardium via FGFs as part of the signaling pathway regulating coronary vasculogenesis. However, because loss of FGF signaling to cardiomyocytes through inactivation of FGFR1 and 2 was only able to delay (rather than completely abrogate) plexus formation, and because neither FGFR3 nor FGFR4 is expressed in the embryonic ventricle, 61, 65 there are likely other parallel pathways that can partially compensate for the loss of FGFRs in cardiomyocytes during coronary vasculogenesis.
Hedgehog Signaling
One of the downstream targets of FGF signaling during coronary vasculogenesis is sonic hedgehog (Shh). Of the 3 known hedgehog ligands, Shh is the most highly expressed in the heart during coronary vasculogenesis. 64 At E12.5 in the mouse, Shh is expressed in the epicardium at the atrioventricular groove and the base of the heart, and then spreads throughout the rest of the epicardium over the following embryonic day. The hedgehog receptor Patched is also expressed in the atrioventricular groove and base of the heart within the cardiomyocyte compartment at this time in development, suggesting that epicardial-derived Shh signals to cardiomyocytes. Patched expression is also activated in a dynamic fashion from the base to the apex of the heart, similar to Shh. In both FGF-9 Ϫ/Ϫ and FGFR1/2 conditional knockout hearts, epicardial Shh expression is delayed. Organ culture of FGFR1/2 conditional knockout hearts in the presence of exogenous Shh can rescue the delay of coronary plexus formation. Furthermore, cyclopamine, a hedgehog signaling antagonist, blocks plexus formation in cultured wild-type hearts. Disruption of hedgehog signaling through conditional inactivation of smoothened (a transducer of hedgehog signaling downstream of Patched) in embryonic cardiomyocytes resulted in a decrease of subepicardial mesenchyme and reduced density of the vascular plexus covering the ventricles at E13.5. 16 Furthermore, expression of an activated form of Gli2 (glioma-associated oncogene) (one of the downstream transcriptional effectors of hedgehog signaling) in cardiomyocytes of FGFR1/2 knockout hearts resulted in the rescue of subepicardial vessel formation. Finally, disruption of hedgehog signaling in adult cardiomyocytes results in heart failure secondary to a loss of coronary vessel density, suggesting that this pathway is critical to maintenance as well as development of the coronary vasculature. 66 Taken together, these observations suggest a pathway regulating coronary vasculogenesis in which epicardial FGFs activate myocardial FGFRs, which then result in the induction of Shh expression in the epicardium. The mechanism by which Shh is induced by myocardial activation of FGFRs is currently unclear.
Recent work by Ornitz and colleagues suggests that the developing coronary vascular plexus is composed of 2 distinct sets of arterial and venous blood vessels as indicated by the expression of the arterial endothelial marker ephrinB2 and the venous marker ephB4. 16 Disruption of hedgehog signaling in embryonic cardiac myocytes led to a loss of subepicardial mesenchyme and a failure to form subepicardial ephB4-positive vessels. However, intramyocardial vessels expressing ephrinB2 still formed. Loss of hedgehog signaling in perivascular cells within the heart led to the impaired development of the intramyocardial ephrinB2-positive vessels. By using ␤-galactosidase to trace cells expressing ephrinB2 or ephB4, the authors determined that venous or arterial identity of coronary vessels could be distinguished as early as E12.5, before significant vascular remodeling or coronary circulation has begun. Hedgehog signaling to the perivascular cells is not necessary for their survival, but may be required for their proper differentiation or induction of proangiogenic gene expression within these perivascular cells. Consistent with this notion, vascular endothelial growth factor (VEGF)-A, -B, and -C were all downregulated in the perivascular cells in which hedgehog signaling was disrupted. Because intramyocardial vessels were not completely abolished in these mice, it was suggested that myocardial VEGF produced by neighboring cardiomyocytes might support some intramyocardial vessel growth.
Myocardial Signals to the epicardium or Subepicardial Mesenchyme
Whereas the epicardial-derived signals direct growth of the underlying myocardium and prepare the epicardium for EMT, the signals from the myocardium are focused on inducing epicardial EMT, directing the differentiation of the subepicardial mesenchyme into the different components of the coronary vasculature, and inducing remodeling of the primitive coronary plexus. In this section, we review myocardialderived signals critical for coronary development.
Myocardial-Derived FGF Signals
As discussed above, the epicardium may signal to the myocardium through the use of FGFs. However, there is also evidence suggesting that the myocardium may signal back to the epicardium via FGFs. FGFR1 is expressed in the epicardium and is upregulated in response to myocardial FGF and following epicardial EMT in select cells of the subepicardium. 61, 62, 67 Activation of the FGFR1 signaling pathway in chick epicardium using electroporation of a plasmid encoding a constitutively-activated FGFR1 resulted in an increase in epicardial EMT. 67 Proepicardial cells transduced with a retrovirus encoding antisense FGFR1 were still able to undergo epicardial EMT; however, although these cells were found in the subepicardium, they failed to invade deeper into the myocardium. This suggests that FGFR1 signaling is necessary for myocardial invasion of epicardial-derived mesenchymal cells, but not strictly required for epicardial EMT. Several FGFs, including FGF-1, -2, and -7, are expressed in the developing heart and have been demonstrated to promote epicardial EMT through the use of in vitro collagen gel transformation assays. 63 In the avian system, FGF-1 and FGF-2 expression is enriched in the compact zone myocardium adjacent to the epicardium but is also present in the epicardium, whereas FGF-7 is expressed predominately in the myocardium. 62, 63 Mice deficient in FGF-2 do not have any cardiac developmental defects, suggesting possible redundancy in myocardial FGF signaling. 68 In adult zebrafish, myocardial expression of FGF17b and epicardial expression of FGFR2 and FGFR4 have been suggested to regulate epicardial EMT during the process of myocardial repair following resection of a portion of the ventricle. 69 However, during mouse heart development, FGF17 is not expressed in the myocardium. 70 Furthermore, mice deficient in FGF-17 are viable and have no reported cardiac abnormalities. 71 The FGFs may also influence the differentiation and remodeling of the subepicardial mesenchyme. FGF-2 has been shown to promote coronary vasculogenesis through the induction of endothelial cells in avian heart explants grown on collagen gels. 72 In addition, FGF-2 stimulates tubulogenesis of coronary endothelial cells in vitro, whereas anti-FGF-2 antibodies inhibit VEGF-stimulated tubulogenesis. 72 Consistent with these observations, overexpression of FGFR1 in the proepicardium via a retroviral-mediated approach increases the proportion of epicardial-derived cells in
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Epicardial-Myocardial Signalingthe endothelial cell lineage. 67 Together, these results suggest that FGF-2 signaling to cells of the subepicardial mesenchyme may promote the endothelial cell fate and coronary vasculogenesis.
Platelet-Derived Growth Factor Signaling
Several groups have provided evidence that platelet-derived growth factor (PDGF) signaling is important to support epicardial EMT. PDGFs are encoded by four different genes that produce monomeric peptides, designated PDGF-A, -B, -C, and -D. Active PDGF ligands are dimers of these monomers that exist in one of five forms: AA, AB, BB, CC, and DD. Two different transmembrane tyrosine kinase receptors bind PDGF ligands with high affinity. PDGF receptor (PDGFR)␣ binds all the PDGF dimers except for PDGF-DD, whereas PDGFR␤ binds only to -BB and -DD homodimers. 73 Both PDGFR␣ and PDGFR␤ are expressed in the epicardium, 74 -76 conferring competency to these cells to respond to all PDGF ligands. PDGF stimulates cultured epicardial cells to undergo the initial steps of EMT. 77 Epicardial cells, cultured as epithelial sheets on solid substratum, elongate and migrate when treated with PDGF ligands. This effect of PDGF is blocked by treating explants with inhibitors of p160 Rat sarcoma virus oncogene homolog (Rho)-kinase, implicating the phosphatidyinositol-3 kinase pathway as the downstream effector of PDGF-stimulated EMT. Furthermore, as the PDGF-BB homodimer induces this activation behavior much more potently than either PDGF-AB or PDGF-AA, this EMT-inducing property of PDGF is likely mediated by PDGFR␤. 77 Powerful in vivo evidence supporting the notion that PDGF signaling through PDGFR␤ is required for EMT comes from studies of Pdgfrb Ϫ/Ϫ mice crossed to the transgenic reporter line capsulin lacZ that labels proepicardial, epicardial, and epicardial-derived cells via LacZ expression. In mice lacking PDGFR␤, fewer lacZ-expressing cells were observed in the subepicardial space and myocardium, indicating a defect in epicardial EMT. 78 It was noted that Pdgfrb Ϫ/Ϫ epicardial cells express the mesenchymal marker vimentin more abundantly than wild-type epicardial cells. Because vimentin is upregulated in epicardial cells undergoing EMT, 79 this could indicate that PDGF signaling is required for delamination and migration of epicardial cells into the myocardium.
In addition to its role in regulating epicardial EMT, PDGF may be another one of the factors that directs the differentiation and remodeling of the subepicardial mesenchyme. Recent work has suggested that vascular tube formation by cultured chick epicardium is stimulated 3-fold by the addition of PDGF-BB. 80 Furthermore, injection of anti-PDGF antisera in ovo diminished myocardial capillary density by approximately 20%. Together, these observations suggest that PDGF may play a modest role in endothelial tube formation, although it is possible these results may be attributable to PDGF's ability to stimulate epicardial EMT rather than vascular tube formation.
PDGF is also a required signal for the differentiation and recruitment of smooth muscle cells and pericytes to the coronary vascular bed. PDGF-BB potently induces smooth muscle cell differentiation in explanted proepicardia. 77 Because neither PDGF-AA nor -AB induces smooth muscle cell differentiation in proepicardial explants, it is likely that PDGF-BB-induced smooth muscle differentiation is mediated through PDGFR␤. In support of that notion, mice with a targeted deletion of the Pdgfb gene die perinatally with widespread hemorrhage, likely attributable to a loss of microvascular pericytes that reinforce the capillary wall. 81, 82 Subsequent reports described more extensive cardiovascular malformations in Pdgfb Ϫ/Ϫ mice, including a deficiency or lack of vascular smooth muscle cells surrounding subepicardial and intramyocardial coronary arteries, respectively. 83 This reduction in smooth muscle cells undoubtedly contributes to the dilated coronary vessels seen in Pdgfb mutants. 84 Targeted disruption of Pdgfrb only in the epicardium produces a similar deficiency of coronary vascular smooth muscle cells and pericytes. 78, 81 Taken together, these observations demonstrate the importance of PDGF signaling to epicardially derived cells for the development of the coronary vasculature.
Thymosin ␤4
Another gene that may influence the differentiation of the subepicardial mesenchyme is Thymosin ␤4. 85 Thymosin ␤4 is an actin monomer-binding protein expressed in the myocardium, but not the epicardium. Thymosin ␤4 is presumed to be secreted by the myocardium and taken up by the embryonic epicardium, but the mechanism by which this occurs remains unclear. Reduction of thymosin ␤4 using a transgenic antisense approach in embryonic cardiomyocytes in the developing heart led to a reduction in cells expressing smooth muscle ␣ actin, suggesting a defect in the differentiation of smooth muscle cells from the subepicardial mesenchyme. 85 Furthermore, the smooth muscle cells that were generated also showed a migration defect, remaining localized in the epicardium or subepicardial space and not migrating deep into the developing myocardium.
The Planar Cell Polarity Signaling Pathway
Vangl2 (Van Gogh-like 2), a component of the planar cell polarity pathway, is also critically important for heart and coronary vascular development. The mouse Looptail (Lp) mutant maps to the Vangl2 locus, and studies of homozygous Lp mutants have demonstrated that Vangl2 is involved in muscularization of the outflow tract septum. 86 Closer examination of the hearts of Lp mutants revealed a coronary vascular patterning defect. 87 Despite making successful connection to the aorta at E15.5, the vascular plexus appears disorganized and by E17.5 is composed of distended subepicardial vessels. Smooth muscle marker expression in the coronary vasculature is delayed as compared to wild-type or Lp heterozygous animals, and staining along the coronary arteries is patchy at E18.5, as opposed to the strong, continuous staining seen along the length of vessels from wild-type and heterozygous mice. Consistent with a role for Vangl2 in mediating planar cell polarity signaling, epicardial cells from Lp homozygous mutant animals lack a polarized morphology and have a reduced capacity to undergo EMT. What is especially striking about this phenotype is the lack of expression of Vangl2 in epicardial cells or their derivatives, suggesting that the effect of Vangl2 mutation on epicardial cells is attributable to alterations in the adjacent myocytes. Similarly, mice deficient in connexin 43 also have defects in epicardial cell polarization, migration, and early remodeling of the coronary vascular plexus. 88, 89 However, aberrant expression of planar cell polarity pathway components was not detected in the connexin 43 knockout hearts, so it is currently unclear whether and how connexin 43 interacts with the planar cell polarity pathway.
Vascular Endothelial Growth Factor
The VEGF family likely plays multiple roles in the development of the coronary vasculature. There are 5 ligands (VEGF-A, -B, -C, -D, and placental growth factor) with multiple splice isoforms and 3 receptors (VEGFR1, VEGFR2, and VEFGR3) in this family. 90 In developing mouse hearts at E13.5, VEGF-A, VEGF-B, and VEGF-D are expressed in cardiomyocytes, whereas VEGF-C is expressed in vascular pericytes. 64 The VEGF receptors are expressed in the epicardium and subepicardium, suggesting that this growth factor family is involved in myocardial-epicardial signaling. Furthermore, VEGF may act directly on the subepicardial angioblasts/hemangioblasts as these cells are known to express fetal liver kinase (Flk-1) (VEGFR2). 14 One result of VEGF-mediated signaling may be to induce epicardial EMT, because VEGF-A has been shown to promote epicardial EMT when added to an in vitro heart culture system. 91 In addition, VEGF acts potently to induce coronary endothelial cell proliferation and migration and tube formation in conjunction with FGF-2. 15, 72, 92 Blocking VEGF function using a soluble VEGFR1/VEGFR2 fusion protein significantly reduces coronary vascular bed tubulogenesis, as does treatment with anti-VEGF-B antibodies. 15 Yet another role for VEGF in coronary development involves the connection of the coronary plexus with the aortic root. 15 Expression of VEGF is particularly abundant at the region of the coronary sinus, and functional experiments have demonstrated a role for this growth factor during ingrowth of the coronary capillaries into the aortic root. Blocking VEGF-B signaling using antisera or with a soluble form of VEGFR2 inhibits coronary ostia formation when injected into chicks 1 to 3 days before the ostia develop.
Not surprisingly, VEGF expression in developing hearts is regulated by a number of factors. In mice with a heartspecific knockdown of Thymosin ␤4, the coronary vascular plexus failed to form and VEGF expression was reduced. 85 Importantly, there were subepicardial "nodules" present composed of vascular endothelial cells forming lumens filled with erythrocytes, likely derived from hemangioblasts that differentiated down both the vascular and hematopoietic lineages. These vascular progenitors, however, failed to link together to form a plexus, perhaps due in part to the absence of VEGF. Shh signaling also appears to be upstream of VEGF expression. Activation of hedgehog signaling in cardiomyocytes leads to the induction of VEGF-A, -B, -C, and angiopoietin-2 expression in cultured heart slices. 64 Furthermore, loss of hedgehog signaling to cardiomyocytes led to decreased VEGF-A and B expression within developing hearts and the failure to form a subepicardial vascular plexus.
Angiopoietins
The angiopoietin family of growth factors contains 4 members (Ang1 to -4) that all bind to the Tie2 (tunica internal endothelial cell kinase 2) receptor. 93 During cardiac development, Ang1 and Ang2 appear to be the most important. Ang1 is highly expressed in the myocardium at E11.5, whereas Tie2 is expressed in the developing epicardium and endocardium, suggesting that myocardial Ang1 signals to the developing epicardium and endocardium during heart development. 94, 95 In other vascular beds, Tie2 activation by Ang1 promotes the survival of endothelial cells, stimulates migration of activated endothelial cells, and promotes capillary organization and vessel stabilization. 93 Mouse embryos deficient in Tie2 die of vascular malformations thought secondary to defects in angiogenesis at approximately E10.5, before the formation of the coronary vascular plexus. 96 Mice lacking Ang1 die approximately 2 days later in development with a thin myocardium, disrupted endocardium, and generalized vascular defects similar to those seen in the Tie2-deficient mice. 94 Epicardial and coronary plexus formation was not specifically examined in these embryos; however, given its role in vascular development, it would not be surprising to find coronary defects. Furthermore, myocardial overexpression of Ang1 during development disrupted epicardial development and subsequent coronary plexus formation, suggesting that the levels of this growth factor must be tightly regulated during coronary vasculogenesis. 95 The other major ligand for the Tie2 receptor, Ang2, may also be involved in coronary vascular development. Recent work suggests that Ang2 is a weak Tie2 agonist in the absence of Ang1 and an antagonist in the presence of Ang1. 97 Mice deficient in Ang2 have defects in postnatal vascular remodeling and lymphatic development, suggesting that Ang2 is not required for coronary development. 98 However, overexpression of Ang2 and VEGF in the myocardium led to a synergistic increase in capillary density. 99 Furthermore, both of these factors are downstream of Shh signaling in the developing heart and can rescue coronary plexus formation in hearts in which Shh signaling is blocked. 64 
Prokineticin
Prokineticins are small, secreted peptides that are expressed in the nervous, gastrointestinal and cardiovascular systems. 100 Prokineticin-1, also called endocrine-gland VEGF, and prokineticin-2, which shares significant homology with a component of black Mamba snake venom, signal through 2 different G protein-coupled receptors, Prokineticin receptor (PKR)-1 and -2. In the heart, prokineticin-2 and PKR-1 may act cooperatively to support coronary vessel development and protect cardiomyocytes after ischemic injury. 101 Prokineticin-2 promotes tubulogenesis in cultured coronary vascular endothelial cells in a PKR-1-dependent manner, while infecting cardiomyocytes with a PKR-1 adenovirus increases capillary density in a coronary vessel ligation model of myocardial infarction. 101 In mouse hearts transgenically overexpressing PKR-1, coronary capillary density is increased compared to wild-type animals, suggesting that prokineticin signaling may support coronary vessel development during embryogenesis. 102 Epicardial cells were more highly proliferative and more abundant in transgenic hearts. Furthermore, epicardial cells from juvenile or adult mice cultured in the presence of prokineticin-2 differentiated into endothelial or smooth muscle cells. Because prokineticin signaling both protects against ischemic damage in cardiomyocytes and promotes differentiation of epicardial cells to vascular lineages, this pathway represents a promising target for future clinical studies.
Myocardial GATA4 and FOG-2
There are a number of transcription factors that are expressed in cardiomyocytes that likely play a role in coronary development. Of particular interest are the transcription factors FOG-2 (friend-of-GATA 2) and GATA4. Adult mice with a cardiac-specific deletion of GATA4 have reduced myocardial capillary density, whereas overexpression of GATA4 in adult hearts leads to an increase in myocardial capillary density. 103 Gene expression analysis in these mice indicated altered expression of a number of angiogenic genes including VEGF-A and Ang1. Further work demonstrated that GATA4 directly bound and activated the VEGF-A promoter, suggesting that VEGF-A is a direct downstream target of the angiogenic activity of GATA4.
FOG-2 is another myocardial transcription factor that physically interacts with GATA4 and also plays a role in the regulation of coronary development. 104 -106 Mice deficient in FOG-2 were found to have an intact epicardium, but the coronary vascular plexus was greatly attenuated in these mice. 106 Interestingly, this defect could be rescued by transgenic expression of FOG-2 in the developing myocardium, suggesting that FOG-2 acts non-cell-autonomously in the epicardium by inducing the expression of one or more factors in cardiomyocytes that promote plexus formation. Similar to GATA4, deletion of FOG-2 in adult mice leads to a reduction in myocardial capillary density. 107 In these mice, a number of angiogenic factors were downregulated, including VEGF-A and FGF-2, -9, -12, and -16, whereas a number of angiostatic factors, such as Timp1 and Timp2, were upregulated. This suggests that the GATA4/FOG-2 transcriptional complex may serve as a broad regulator of myocardial angiogenic signals.
Other Transcription Factors in Coronary Vessel Development
In addition to GATA4 and FOG-2, the role of other cardiac transcription factors during coronary vessel development is an active area of research. Like FOG-2, Brahma-related gene-1 associated factor (BAF)180 is a repressor of transcription that plays an important role in coronary vessel development. Although the epicardium forms in BAF180 mutants, the coronary plexus fails to remodel appropriately and fine capillaries are reduced compared to wild-type animals. 108 Nodules containing a disorganized mixture of smooth muscle and endothelial cells are seen on the surface of the heart in mutant animals, similar to the phenotype noted for thymosin ␤4 mutants as described previously. 85 Epicardial cells harvested from BAF180 mutant animals were notably impaired in their ability to undergo EMT. 108 Expression of the epicardially expressed growth factors FGF, PDGF, and TGF␤ were all reduced in the hearts of these animals. As these factors are all important for epicardial EMT, it is likely that the combinatorial deficit of these signals led to the impaired EMT noted in the embryos. Also, because EMT was reduced in vitro, these results could implicate BAF180 in establishing an autocrine signaling loop to promote transformation of epicardial cells.
Another transcriptional regulator implicated in coronary development is p300. This transcription factor possesses an acetyltransferase activity that acts on histones to remodel chromatin to promote transcription of target genes. A targeted allele of p300 that destroys the acetyltransferase activity of the protein acts in a dominant-negative manner, causing cardiac malformations and pulmonary dysgenesis. 109 Although heterozygotes begin dying at E12.5, a fraction are liveborn; however, those that are liveborn expire quickly because of respiratory failure. Epicardial EMT and coronary plexus formation are impaired in heterozygous animals, suggesting the importance of chromatin remodeling for coronary development.
Investigations into the role of Ets-1 (avian erythroblastosis virus oncogene) during coronary vessel formation suggest that this transcription factor may be required for coronary arteriogenesis. In the heart, Ets-1 expression localizes to areas of EMT, including the epicardium and subepicardium. 110 Partial knockdown of Ets-1 and Ets-2 using an antisense virus perturbed coronary artery formation in chick embryos. 111 In the most severely affected embryos, one or both coronary ostia failed to form and the arteries themselves were improperly patterned.
Compelling studies suggest that T-box transcription factors are involved in epicardial and coronary vessel development. The T-box factor Tbx-1 has been shown to be required for the patterning of the proximal coronary arteries. 112 Another T-box factor, Tbx18, is abundantly expressed in embryonic proepicardium and epicardium. 113, 114 In zebrafish, resting epicardial cells in adult fish do not express Tbx18. However, on injury to the myocardium, Tbx18 expression is increased in the epicardium coincident with epicardial cell invasion into the wound site and subsequent neovascularization of the newly generated myocardial tissue. 69 Tbx18 may therefore be required for epicardial cell EMT or subsequent migration during coronary vasculogenesis. Tbx5, the gene mutated in Holt-Oram syndrome in humans, 115, 116 may also regulate epicardial EMT. Proepicardial cells injected with a Tbx5-expressing retrovirus showed deficient migration in vitro and in vivo, with many fewer virally transduced cells contributing to coronary vascular tissues than cells infected with an empty virus expressing only ␤-galactosidase. 117 Tbx5 may also have a cytoplasmic intracellular localization in cells of the coronary vasculature, 118 suggesting a complex regulation of its transcriptional activity. Further studies on the role of Tbx18 and Tbx5 during epicardial EMT and subsequent coronary vessel development seem warranted based on these intriguing results.
Future Directions
In summary, epicardial-myocardial signaling directing coronary vasculogenesis is complex, with multiple signaling pathways involved in each step of the process and many signaling pathways used in multiple roles (see Figure  3) . The first critical step in coronary development involves the establishment of an intact epicardium through the interaction of cell adhesion molecules such as ␣4 integrin and VCAM-1. Autocrine signaling within the immature epicardium by erythropoietin and retinoic acid is critical for inducing cardiomyocyte proliferation and for the next step in signaling: that of epicardial FGF secretion. These FGFs, acting on the underlying myocardium, induce cardiomyocyte proliferation and likely the elaboration of other growth factors that signal back to the epicardium. The signaling back to the epicardium can then direct epicardial EMT to generate subepicardial mesenchyme fated to the endothelial, fibroblast, or smooth muscle cell fate. A Shh-VEGF-Ang2 pathway is important for the generation of vascular endothelial cells, whereas PDGF, Wnt/␤-catenin, and TGF␤ are important for the differentiation of coronary vascular smooth muscle. Despite the identification of several transcription factors that are necessary for coronary vessel development, understanding how the pathways are knit together from growth factorbound receptor to DNA-bound transcription factors is an area that requires substantially more investigation.
Although our understanding of this communication has increased dramatically, important questions remain. What are the downstream signaling events within the epicardium and myocardium following ␣4 integrin/VCAM-1 ligation and how critical are these events for coronary vasculogenesis? What other pathways compensate for the loss of FGF signaling in cardiomyocytes during coronary development? What are the myocardial-derived signals that induce Shh expression in the epicardium? What are the signals that promote a fibroblast cell fate in epicardial-derived cells? And, most importantly, can these pathways be reactivated in adult hearts to regenerate the coronary vasculature in patients with coronary artery disease?
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